The integration of plug-in electric vehicles (PEVs) to power systems has impacts on the stability characteristics of the integrated systems. Wide area controllers (WACs) are used in power systems to provide auxiliary control signals to the generators or other devices in order to improve the stability of the system. The necessity of WACs becomes more relevant during grid-to-vehicle (G2V) or vehicle-to-grid (V2G) power transactions, that is, charging and discharging cycles of the PEVs respectively. The design of a WAC for providing damping to three generators in a 12-bus power system with PEVs is presented in this study. Each WAC signal is obtained based on the aggregation of modulated local and remote power system stabilisers' signals. The modulation indices associated with those signals are tuned using the particle swarm optimisation technique to provide the maximum damping to the three generators. The 12-bus power system with the PEVs and WAC has been implemented on the real-time digital simulator (RTDS). Typical results have been presented to show the improvement in the stability of the power system when PEVs are integrated using transient simulations and Prony analysis.
Introduction
As increasing numbers of plug-in electric vehicles (PEVs) enter the market, the effects of adding large numbers of small power electronic devices to the grid become more and more predominant. Many of these vehicles can also be adopted to participate in vehicle-to-grid (V2G) applications in the proposed smart grid framework which calls for increased amount of bidirectional power flows between vehicles and utility grids [1, 2] . Vehicles providing auxiliary services coordinate their power flows with the utility to change grid conditions in some predetermined way. If vehicle owners try to buy and sell power according to varying prices, there will be large swings in power as groups of vehicles switch the direction of their power flows. Therefore the PEVs are going to have significant impact on the stability of the power grids.
Several measures have been taken in the recent decades to provide better stability and reliability to the stressed systems. Local compensators like power system stabiliser (PSS) are installed to damp out low-frequency oscillations. But, it is observed that the local controllers have good performance when local measurements provide all the information about the dynamics of disturbances. But, if there are adverse interactions between multiple adjacent areas of the power system, or between the grid and the power electronics devices associated with the distributed generations or storage, only a wide-area measurement-based controller can provide better stabilising control [3, 4] . Wide-area controllers (WACs) coordinate the actions of the distributed agents using supervisory control and data acquisition, phasor measurement unit or other sources providing wide-area dynamic information [5, 6] . The WAC receives information/data of different areas in the power system and based on some predefined objective function, sends appropriate control signals to distributed agents for enhancing system's dynamic performance [7] .
Several researchers have contributed in the area of wide area monitoring and control. A hierarchical WAC for damping post-disturbance oscillations has been reported in [8] . The other control strategies based on linear matrix inequality [9] , gain scheduling and H damping control. Wide-area signals-based intelligent control of flexible AC transmission systems devices have been presented in [12, 13] . Most of these studies mentioned so far considered conventional power systems and some of them included renewable sources like wind farms [13] . However, the effects of bidirectional power flows introduced by PEVs on the stability of a power system and the role of WAC in improving the damping of the integrated system are not yet reported.
In this study, the impacts of charging and discharging cycles of the PEVs connected to a 12-bus power system on the stability of the integrated system is presented. An optimal WAC for providing damping signals to the individual generators is designed based on the weighted sum of the local and global stabilising signals using the particle swarm optimisation (PSO) technique. The 12-bus power system, PEVs and the designed WAC are implemented in real time on the real-time digital simulator (RTDS). The design (tuning of the modulation indices) of the WAC is carried out on a digital signal processor (DSP) interfaced with the RTDS. The results with and without the WAC for moderate disturbances like a sudden discharging of the PEVs and also for some extreme situations like a sudden transition from discharging to charging mode or a three-phase fault during a peak charging or discharging cycle are presented in this paper. The real-time simulation results and its Prony analysis show that with the PEVs connected to the power system, the WAC improves the stability of the integrated system significantly.
The primary contributions of this study are: † Demonstration of a real-time simulation of an integrated power system (fleet of PEVs connected to a power system). † Illustrating the impacts of PEVs operations and grid faults on the stability of an integrated power system. † The design and real-time implementation of a WAC for improving the stability of an integrated power system.
Power system with PEVs
In order to illustrate the impact of PEVs and the role of WAC in power systems, the 12-bus multi-machine power system [14] is modified as shown in Fig. 1 . The 12-bus system has four generators and three interconnected areas. Generator G1 represents the infinite bus. In a typical city, there will be several PEV-distributed parking lots in distances of one to few kilometres. In order to model this, eight three-phase PEV parking lots are added to this system in area 3 (high-load area in 12-bus system). Each parking lot is represented by a DC voltage source followed by a bidirectional three-phase inverter. The inverters are tied to the respective buses through step-up transformers (2.08 kV/ 22 kV) as shown in Fig. 1 . Two of the parking lots, PL1 and PL2, are connected to bus 13 and the remaining six (PL3 -PL8) are connected to bus 14. Bus 13 and bus 14 are the two additional buses added to the original 12-bus system in order to connect the PEV parking lots. Buses 13 and 14 are connected to buses 4 and 3, respectively, through 22 kV/230 kV step-up transformers. The control of the inverters is designed in such a way that each parking lot inverter can draw +20 MW of active power. Considering each vehicle can draw +25 kW, each parking lot in this study represents roughly 800 vehicles aggregated together. Here ' + ' sign means the vehicles are selling power to the grid, that is, they are in discharging mode and the ' 2 ' sign indicates that they are buying power from the grid, that means the vehicles are in charging mode. The entire system is modelled on a RTDS platform [15] . All the parameters of the original 12-bus system are given in [14] . In this study, generators G2 -G4 are equipped with PSSs. The PSS parameters are taken from [13] and are listed in Table 1 .
The simulation of the inverters on PEVs is carried out using smaller time steps RTDS giga processor (GPC) cards. The GPC is a powerful computational unit which can be used for solving the overall network solution as well as auxiliary components. The GPC contains two IBM PowerPC 750GX RISC processors each operating at 1 GHz. In addition to the network solution and the simulation of standard components at 50 ms time step, the GPC card provides small time step (,2 ms) simulations for voltage source converters. This increase in accuracy allows for better representation of the switching components in a real-time environment. The inverters are designed to operate at 2.08 kV using a three-phase two-level topology and are controlled using a compensation controller [16] .
The PEV parking lot configuration presented in the study will become realistic when the vehicle owners will be allowed to participate in the electricity market based on the real-time pricing information. In that case, the vehicle owner can entitle the parking lot owner to use his/her car for buying and/or selling power from/to the grid, respectively, instead of keeping it idle throughout the day in the parking lot. Intelligent methods can be used to find out the near optimal times to buy and sell power from/to the grid to maximise the revenues and minimise emissions for the vehicles participating in V2G operations [17, 18] . Based on that, a pattern will definitely emerge for the charging and discharging operations of the PEV parking lots. There will be times, when most of the vehicles will try to sell power to the grid if the price is high in order to maximise their profit. Similarly, when the price is low, most of the vehicles will try to charge their batteries to its maximum capacity. These are the two extreme cases, when the V2G operation will have the most severe impact on the grid. Also, the V2G parking lots can be used as small power plants and in such cases bulk power transfer in hundreds of megawatts is possible. It is therefore necessary to study the impacts of such bulk transactions on the electricity grid and take necessary measure for improvement of stability.
The design and operation of the WAC block in Fig. 1 is described in Section 4.
3 Impact of PEVs on the power system stability In order to study the impact of PEVs on the multi-machine power system described above, two case studies are performed. First, a case where most of the PEVs suddenly switch to the selling (discharging) mode, resulting in a situation where the parking lots connected to buses 13 and 14 inject a total of 30 and 90 MW of active power into the grid, respectively, is simulated. Owing to this sudden flow of 120 MW of active power into the grid, there is a change in the voltage at the point of common coupling of the parking lots. The generator speeds also start oscillating because of this sudden change in the operating points of the various generators in the system. The impact of this sudden discharging of the PEV parking lots can be observed from the speed oscillations of generators G2-G3 as shown in Figs In a second case study, an extreme condition is simulated by considering a sudden change of the parking lots' mode of operation from selling to buying. In the previous case, the parking lots were selling a total of 120 MW to the grid. But now they are buying 120 MW from the grid. Owing to the large variations in the operating points of the generators, the speed oscillations with and without PSSs are observed as shown in Figs. 3a-c. It is observed again that the damping is improved with the local PSS for all the generators G2-G4. Figs. 2d and e show the voltages at the points of common coupling of the PEV parking lots connected to buses 14 and 13, respectively, for the first case of sudden discharging. Similarly, Figs. 3d and e show the buses 14 and 13 voltages for the second case mentioned above. In Figs. 2d and e, it is observed that the bus voltage is elevated from 0.98 to 0.995 p.u. at bus 13 and from 0.985 to 1.0 p.u. at bus 14. This is due to the fact that the PEV parking lots injected active power to the buses. Similarly, in Figs. 3d and e, when the PEVs suddenly switched from discharging to charging mode, the voltage at bus 13 dropped to 0.955 p.u. and voltage at bus 14 dropped to 0.97 p.u. because of the additional 120 MW load at the buses. In Figs. 2d and e, 3d and e, it is observed that with PSS on the generators, the voltage oscillation settles down quicker than without PSSs case.
Design of WAC

Structure of WAC
The structure of a standard local PSS is shown in Fig. 4a . It has a stabiliser gain, washout filter and two lead-lag compensator blocks. The function of the local PSS is to generate an auxiliary voltage signal V PSS which is to be added to the automatic voltage regulator (AVR) and exciter input based on the speed deviation signal (Dv) of the generator. The PSS parameters can be tuned to damp a specific frequency of oscillation representing some local mode of interest. The problem with these local PSSs is that they have no information about the other areas of the system, the nature of disturbance faced by the other generators and also the control action taken by the remote PSSs. The essence of wide area monitoring and control is to provide local damping controllers some information, directly or indirectly, about the perturbations experiences and actions taken by the other remote controllers; thus allowing local control signals to be modulated accordingly for improving the stability of the entire power system in a distributed manner. This objective of WAC can be achieved in many ways. This study represents a very simple and effective implementation of a WAC for providing additional system damping based on local and remote PSS signals. The structure of the WAC considered in this study is shown in Fig. 4b . The wide area monitor senses the local PSS outputs V PSSG2 , V PSSG3 and V PSSG4 . The aggregation of the three modulated PSS outputs is fed back to the AVR exciter inputs connected to each generator by the WAC. The outputs of the WAC for generators G2-G4 are given by V low-frequency oscillations in the integrated power system is the critical part in this particular WAC structure. Intelligent tuning of those weighing factors is necessary in order to achieve an overall good control performance. From  Fig. 4b , it can be seen that there are nine modulation indices to be tuned.
Tuning of WAC modulation indices
The tuning of modulation indices can be formulated as an optimisation problem. The conventional optimisation algorithms are in most cases derivative or gradient-based algorithms, which are more suitable for deterministic optimisation problems where the function to be optimised can be expressed easily as a differentiable mathematical function of the parameters. But, a power system is a very complex and non-linear system and if all these complexities and non-linearities are included in the mathematical model, the optimisation process becomes computationally very expensive. Besides, it may not be possible to have an accurate mathematical model of a power system. Heuristic algorithms, which do not require a mathematical model of the system and can find the optimum solution based on a non-differentiable objective function, are therefore more effective for this type of optimisation problem involving power systems. There are many types of heuristic algorithms available, for example, genetic algorithm, PSO [19] and differential evolution, which have been successfully used for parameter tuning problems in power system. In this study, PSO is chosen because of its simplicity and easiness of realtime implementation on a DSP.
PSO is a population-based search algorithm modelled after the motion of flock of birds and the school of fishes [19] . A swarm is considered to be a collection of particles, where each particle represents a potential solution to a given problem. The particle changes its position within the swarm based on the experience and knowledge of its neighbours. Basically, it 'flies' over the search space to find out the optimal solution [19] . Initially, a population of random solutions is considered. A random velocity is also assigned to each particle with which its start flying within the search space. Also, each particle has a memory which keeps track of its previous best position and the corresponding fitness. The previous best value is referred to as the 'p best ' of a particle. The best of all the 'p best ' values is referred to as the 'g best ' of the swarm. The fundamental concept of PSO technique is that the particles always accelerate towards their 'p best ' and 'g best ' positions at each search instant k. The velocity and the position of a particle are updated according to the following equations. The velocity of the ith particle of dth dimension is given by
A real-time measurement-based PSO tuning of the WAC weighting factors is implemented on an Innovative Integration M67 DSP card, which is based on the Texas Instruments TMS3206701 processor. The M67 card operates at 160 MHz and is equipped with two A/D and two D/A conversion modules. The rest of the system setup is built in the RSCAD RTDS software [15] The PSO algorithm is used to determine optimum values of the modulation indices so that the speed oscillations of the generators are damped quickly. The objective (fitness) function is formulated in such a way that the aforesaid goal is achieved. The mathematical expression of the objective function is as follows (3) where T is the total time of simulation after the application of a perturbation/disturbance, Dt the sampling interval, k the sampling instant and Dv 2 (k), Dv 3 (k) and Dv 4 (k) are the speed deviations of generators G2, G3 and G4 respectively at kth sampling instant.
For tuning the modulation indices, three disturbances are applied in intervals of 10 s. First, a sudden discharging of the PEVs injecting a total of 120 MW to the system, after that a sudden change from discharging to charging mode absorbing 120 MW from the system and finally, under the last charging mode, a three-phase ten-cycle fault is applied at bus 4. The values of w, c 1 and c 2 in the PSO equation (2) are kept fixed at 0.8, 2.0 and 2.0, respectively, and the number of particles used is 20. These values are chosen based on experience. The optimum modulation indices found after 50 PSO iterations are:
WAC results and discussions
Performance of the WAC is evaluated and compared with performance of the local power system stabilisers under four different disturbances applied to the power system. Among them, the first three (case studies 1 -3) are the same disturbances mentioned in Section 4.2 for which the WAC was tuned with PSO. In order to test the robustness of the controller, another disturbance scenario (case study 4) was also studied where the bus 13 parking lots suddenly change their mode from discharging to charging and at the same time the bus 14 parking lots change their mode from charging to discharging. The net active power flow changes from 260 to +60 MW in this process. The time domain results and the Prony analysis on the performance of the WAC are given in Sections 5.1 and 5.2, respectively. In Section 5.3, a performance index (PI) is calculated to compare the overall performance of the controllers.
Case studies
Case study 1: Figs. 6a -c show the typical speed responses of the generators when the PEV parking lots start discharging. From the figures, it is clear that for all the generators, the overshoots and settling times are less with the WAC in operation. The damping provided by WAC is much better than from the local PSSs only. www.ietdl.org voltages at buses 14 and 13, respectively. It is observed that the WAC plays a very good role to settle down the voltage oscillations quickly and thus outperformed the local PSS performances.
Case study 2: Figs. 7a-c show the speed responses of the generators for the second disturbance when the parking lots suddenly switch their modes of operation from discharging to charging. Here again, it is observed that the performance of the WAC is much superior to the local PSS. The bus voltage characteristics presented by Figs. 7d and e also show that the damping is improved with the addition of WAC.
Case study 3: A ten-cycle three phase to ground fault with duration ten cycles is applied to bus 4. The speed and bus voltage characteristics are shown in Fig. 8 . Here also the performance of the WAC in damping the speed oscillations is superior to the local PSS for all the generators and the performances of the WAC and the local PSS are the same for voltage oscillations at buses 13 and 14. In order to quantify the stability improvements seen with the WAC, Prony analysis is performed on the time domain results to determine the frequency modes and the corresponding damping ratios.
Stability analysis with the Prony method
Prony analysis [20] is an extension of Fourier analysis and it helps to find the modal contents by estimating frequency, damping and phase of a signal. This analysis tool is useful to provide information on the stability of the system at the operating point of concern without any need of extensive technique for linearisation of the complete system model. The analysis is performed on the measured data; hence no prior information regarding the system is required. The real-time implementation platform consisting RTDS and DSP does not provide any means to obtain the linearised closed-loop model of the system. Therefore to illustrate and quantify the improvement with the WAC design in terms of damping ratios, the Prony method is chosen. This method is applied on the speed data of generator G4. The frequency and damping of each dominant mode is given in Tables 2 -5 . It is observed that the system has three dominant local modes of oscillations: the first one in the range of 0.88 -0.89 Hz, the second one in the range of Hz approximately. For all of these three modes, the damping ratio of the system with local PSSs is found to be more than that of the system without PSS. Similarly, the damping ratio of the system with the WAC is again higher than the system with local PSSs. For example, in case study 2 (Table 3 ), the Prony analysis shows that the generator G4 has three dominant local modes of frequencies 0.8880, 0.9228 and 1.2609 Hz without PSS. The corresponding damping ratios are 0.0442, 0.0151 and 0.0425, respectively. With PSS, the corresponding damping ratios are 0.1611, 0.0781 and 0.0865, respectively, which are higher than the system without PSS. Similarly, with the WAC, the damping ratios are 0.3220, 0.1435 and 0.2144, respectively. This is of course significantly higher than the system with PSS.
Another possible advantage of WAC is that, the required system damping (greater than 5%) can be achieved even without a local PSS. In order to establish this, the system performance under case study 1 with WAC and two local PSSs instead of three is studied. Among all the possible combination of two local PSSs, it is observed that the combination of PSS at G2 and G3 (excluding the PSS at G4) gives the best performance. The Prony analysis of this case study is presented in Table 6 . It is observed that the damping of two local modes with frequencies 0.88 and 1.27 Hz are just above 5% and the damping of the mode with frequency 0.93 Hz is close to 30%. This performance is compared with a system where WAC as well as all the three local PSSs are present. Obviously, the performance for WAC with three local PSSs is much superior to WAC with two local PSSs. Since this 12-bus system under study only has dominant local modes instead of inter-area modes, it is therefore very difficult for the WAC to achieve a very good performance without the presence of any one of the local PSSs, although the system can still achieve the required damping (greater than 5%) with the reduced number of PSSs in presence of WAC.
Performance index from transient energy
In this section, the performance of the local PSSs and the WAC are compared in terms of transient energies. When a disturbance occurs in a power system, the transient energy injected into the system can cause it to go unstable if the controller does not provide sufficient damping. Therefore a properly tuned damping controller is required to minimise the transient energy injected into the system for various disturbances.
For the four case studies mentioned in this study, the sum of transient energies of generators G2-G4 for the first 9 s after the disturbances are calculated [T ¼ 9 s, given in (4)] according to the following equation
where H 2 , H 3 and H 4 are the inertias of generators G2, G3 and G4, respectively. The performance of the system without PSS, with local PSSs and with WAC are compared by defining PI given in PI = 1 TE (5) Table 7 shows the performance comparisons for the four case studies. The PIs are normalised by dividing the PIs by that PI obtained without PSS. Owing to this type of representation, a higher value of PI indicates a better performance. From Table 7 , it is clearly observed that the PI is much higher with WAC than the local PSSs for all the case studies.
Therefore from both time-domain and Prony analysis results and also from the transient energy-based PI calculations, it can be concluded that the designed WAC has the potential to improve the stability of a power system when the PEV-based parking lots are in operation and bulk transactions are carried out.
Conclusions
A real-time RTDS model of a fleet of plug-in vehicles performing V2G power transactions has been presented in this study. Eight parking lot models, each with a capacity for 800 vehicles and +20 MW power transaction capability, are connected to the grid and the impact of their bulk level charging and discharging transients have been evaluated. In order to improve the stability of the integrated power system with PEVs, a simple and an effective WAC structure has been designed for the system. A real-time PSO-based tuning method is adopted which runs on a DSP in synchronism with the integrated power system simulated on The future work can focus on both macro and micro levels of control. In the micro level, the impact of the transients and grid faults on the individual inverters of the PEVs can be studied. This will eventually lead to the protection aspects for the PEVs. In the macro level, the development of an adaptive WAC which can modify the control actions online based on the nature of the disturbance and time delays in the remote signal transmissions.
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